Abstract-This paper describes the mechatronics design, prototype testing, and control of a steerable nips component for paper path mechanisms in high-speed color printers and photocopiers. When placed upstream from the image transfer station along the paper path, this device precisely controls the longitudinal, lateral, and skew directions of papers sheets, as they arrive to the image transfer station. The paper also presents a complete kinematic and dynamic analysis of the paper sheet steering mechanism, which is validated by experimental results. It is shown that the dynamics of a sheet under the control of the steerable nips mechanism are nonlinear and subject to nonholonomic constraints. A feedback linearization control strategy that includes dynamic surface control is developed and implemented to control the sheet's position and angular orientation under the condition that the sheet's speed in the longitudinal direction remains positive at all times. Experimental results verify that the steerable nips mechanism under the proposed feedback linearization control strategy is able to meet or exceed all design performance requirements for deployment as a component of an actual printer paper path control mechanism.
I. INTRODUCTION
S TATE-OF-THE-ART paper path control requires the sheets to be accurately positioned as they arrive to the image transfer station. This includes correction for longitudinal, lateral, and angular errors. To accomplish this task, current machines have a registration station at the end of the paper path and before the image transfer station, which must correct for lateral and skew errors and deliver the sheet to the image transfer station on time and with a constant longitudinal velocity. However, most stateof-the-art registration devices cannot correct for errors at high speeds, whereas others mark the paper since they rely on high contact point forces to move the sheet laterally. In this paper, we present the mechatronics design, control, and experimental verification of an innovative device, known as the steerable nips mechanism [11] that permits a swifter correction of sheet lateral, longitudinal, and angular errors without marking the sheet. A prototype of this device was designed and built in the Department of Mechanical Engineering of the University of California at Berkeley (UCB). The sheet actuation mechanism in this device consists of two rollers, which are free to rotate parallel and perpendicular to the sheet, and will henceforth be referred to as "steerable nips." A freely rotating ball is spring-loaded against each of the steerable nips, providing a normal force that creates the friction force needed to propel the sheet through rolling, while minimizing the contact area between the steerable nip and sheet, hence decreasing the possibility of marking the sheet. By controlling the steering angle and spinning velocity of each of the two nips, it is possible to control the longitudinal position, lateral position, and angular orientation of the sheet in a somewhat analogous manner to steering a two-wheel robot; cf., [2] and [27] - [29] . However, unlike the two-wheel robot steering control problem, the sheet control under the steerable nips mechanism proposed in this paper has an additional degree of freedom, since the paper sheet can buckle, whereas the pavement does not. As will be explained in subsequent sections, the buckling of the paper makes it possible to linearize the system dynamics through feedback, whereas feedback linearization cannot be achieved in the two-wheel robot steering problem. The control system for the steerable nips mechanism must be designed so the paper is neither folded nor stretched too severely to prevent the paper from tearing or having skid marks from the nips.
Prior recent work in the area of sheet control in a printer paper path has primarily focused on the design of control architectures and control algorithms for coordinating multiple actuated sections of the paper path, in order to correct for longitudinal interspacing errors among sheets, and synchronize the arrival of a sheet to the image transfer station with its corresponding image, with respect to both time and longitudinal velocity [1] , [3] - [6] , [12] - [16] , [18] , [26] . However, none of these works address that issue of the simultaneous correction of paper sheet longitudinal, lateral, and angular positioning errors, which is the focus of this paper. Prior works that address this issue are more scarce, cf., [25] , and is primarily in the form of patent disclosures. The description of the steerable nips mechanism in this paper, as well as its kinematic analysis, was first presented in [21] . However, because the fabrication of the steerable nips prototype was not completed, a simplified dynamic analysis of mechanism was only presented in [21] , which did not include actuators' dynamics, as well as a significantly simplified version of the feedback control scheme presented in this paper and some simulation results. A hybrid automata-based control strategy for the model described in [21] is presented in [22] , which has four finite states among which the control system switches during the trajectory tracking process. It is shown in [22] that by using a hybrid automata, it is possible to drive the paper from rest to any other position. A more complete dynamic model of the steerable nips mechanism in this paper is presented in [20] , which included actuators' dynamics, as well as experimental results, some of which are included in this paper. Recently, a control strategy is presented in [7] for an underactuated steerable nips mechanism for printer sheet registration devices that is similar to the device presented in this paper. However, since the mechanism in [7] has one less degree of freedom than the mechanism presented in this paper and no sheet buckling nor actuators' dynamics is included in the control system design model, the control problem in [7] resembles more that of the steering a two-wheel robot, precluding the use of feedback linearization, and the resulting control strategy is significantly different from the one presented in this paper.
The objective of the steerable nips mechanism is to control the motion of a sheet of paper on an horizontal plane, from the time instant when the leading edge of the sheet enters in contact with the nips until the time instant when the trailing edge of the sheet losses contact with the nips, in order to reduce longitudinal, lateral, and angular position tracking errors to acceptable levels before the sheet enters the image registration station. The control strategy presented in this paper uses linearization by state feedback [23] and a backstepping technique similar to dynamic surface control [24] , and considers a realistic steerable nip mechanism model that accounts for small amounts of sheet buckling and includes actuator dynamics. Simulation and experimental results are in close agreement and show that by using the proposed control strategy, the steerable nips mechanism can correct for large initial sheet tracking errors, which exceed industry specifications, and attain sheet tracking errors when the sheet enters the registration station that are well below industry requirements without damaging the sheet.
Section II describes in detail the design process of some of the important components of the experimental setup. In order to derive a realistic model of the controlled plant, the dynamic models for each of the actuators were derived and validated with experimental data, which is described in Section III. In Section IV, we derive the kinematic model, and in Section V, we derive the overall dynamic model of the steerable nips mechanism. The control strategy developed to control paper position and orientation of a sheet is presented in Section VI. The model and experimental results are presented in Section VII. Finally, conclusions and some comments regarding the design, control strategies, and experimental results are stated in Section VIII.
II. EXPERIMENTAL SETUP
The fixture shown in Fig. 1 was designed to allow the steerable nips concept shown in Fig. 2 to be tested. This mechanism has two rotating steerable rollers, which propel while steering a sheet in the horizontal plane. The fixture also has an exit roller, which moves the sheets out of the fixture as trailing edge of the papers losses contact with the steerable nips, and a feeder unit that feeds the sheets into the fixture.
The steerable nips mechanism in Fig. 2 can correct for lateral errors in the sheet's initial position, in addition to longitudinal and angular errors, without laterally moving the rollers, as is the case of most current registration and deskewing systems. This is achieved by steering the paper sheet through the coordinated angular rotation and steering of the two rollers. The rollers are designed to have only a point of contact with the sheet, as shown in Fig. 2 . A ball is spring-loaded on top of each rollers, providing a normal force that allows the rollers to drive the sheet. The combination of roller and ball is known as the nip. Properly controlled, the rollers can drive the sheet until its back edge exits the nips without inflicting any damage or visible skid marks on the sheet. Each roller is rotated by a servomotor, which will henceforth be referred to as the process motor, through a belt and pulleys, as shown in Fig. 2 . The process motors were chosen to be light in weight and small in size in order to minimize the steering inertia. The two rollers are separated by a distance of 200 mm. This spacing is compatible with standard sheet sizes. Each roller and its respective process motor are attached to a rotating table. The rotating table is steered by another servomotor, which will henceforth be referred to as the steering motor, as shown in Fig. 3 . This steering table is connected to the servomotor through a precision shaft coupling. This coupling allows the rotating table to be driven directly by the servomotor under small shaft misalignment. This is a desirable feature since an additional belt would have decreased the stiffness of the steering mechanism. The rotating table sits on a trust bearing that allows it to freely rotate while supporting 
III. ACTUATOR DYNAMICS
There are four actuators in the steerable nips mechanism. Two of the actuators rotate each of the rollers and the other two steer them. In this section, we describe the dynamic model derivation, reduction, and validation for each of the actuators of the experimental fixture.
A. Process Dynamics
The process actuators rotate the two rollers and each consists of a dc servomotor, which drives a roller through a timing belt, as shown in Fig. 3 . A fifth-order linear state-space model of this actuator was derived, which accounted for the stiffness of the timing belt and inductance of the dc motor. The parameters of the model were determined through experimental frequency response tests and are listed in Table I . rotation output of the process actuator, as well as the corresponding frequency response of the derived fifth-order model. As shown in the figure, the model frequency response closely matches experimental data at frequencies below 100 Hz.
The fifth-order process actuator model was reduced to a second-order model by neglecting the inductance of the dc motor and assuming that the timing belt connecting the two pulleys of the actuator is very stiff. The resulting transfer function between the input voltage and the roller angular rotation output isθ
where
The frequency response of the simplified model (1) can be seen in Fig. 5 . It is shown that the magnitude of the second-order model closely matches the fifth-order model in the frequency range shown. As expected, the phase of the reduced-order model diverges from the fifth-order model at high frequencies.
B. Steering Dynamics
The steering actuator consists of a dc servomotor that rotates a table, as shown in Fig. 3 . This table holds the process actuator and is connected to the motor through a coupling. A third-order linear state-space model of this actuator was derived, which accounted for inductance of the dc motor. The parameters of the model were determined through experimental frequency response tests and are listed in Table II . derived third-order model. As shown in the figure, the model frequency response closely matches experimental data at frequencies below 40 Hz. The mismatch between the modeled and experimental results for frequencies higher than 40 Hz can be attributed to low signal-to-noise ratio. The system was exited with white noise and the excitation level did not produce a sufficiently large displacement at high frequency to overcome the encoder accuracy. The estimated values for the parameters of the steering actuators are also shown in Table II . As in the case of the process actuators, the dynamic model of the steering mechanism can be reduced by assuming that the inductance of the motor is negligible (L(di/dt) ≈ 0). The resulting second-order transfer function is given byφ
The frequency responses of the second-order and third-order models are shown in Fig. 7 . 
IV. KINEMATIC ANALYSIS
The steerable nips mechanism with a sheet is illustrated in Figs. 8 and 9 . The steerable nips propel a sheet on a flat surface. Fig. 8 represents the initial position of the sheet, when it first makes contact with the nips. Fig. 9 shows the sheet while it is being driven by the nips. The left corner of the sheet, point C, is used as a reference point for tracking. Note that even if the paper buckles, point C will remain on the flat surface since bucking occurs only between points 1 and 2 where the sheet contacts the nips.
A. Kinematic Analysis Assumption
A key modeling assumption in the kinematic analysis that follows is that, even under buckling, the sheet remains transversally stiff and it rotates as a rigid body under the action of the steerable nips. This assumption is illustrated in Fig. 9 , where any line perpendicular to the line that connects contact points 1 and 2 drawn along the buckled surface remains horizontal. Numerous experimental results confirmed the validity of this assumption to within possible measurement resolution. Fig. 10 shows a schematic representation of the kinematic variables for the steerable nips system. This system has two independent steering wheels located at points 1 and 2. These steerable wheels are separated by a distance 2b. Three coordinate frames are defined to describe the position and orientation of the paper sheet: a fixed global coordinate system denoted by (i f , j f , k f ), and two local frames (i 1 , j 1 , k 1 ) and (i 2 , j 2 , k 2 ) attached to wheels 1 and 2, respectively. The generalized coordinates of the system are (x, y, φ, δ, θ 1 , θ 2 , φ 1 , φ 2 ) . Generalized coordinates x and y will be used to represent the lateral and longitudinal position of the leading right corner of the sheet (point C), respectively. Coordinate φ represents the angular (or skew) rotation of the sheet and −δ represents the amount of buckle experienced by the sheet, which we assume to only take place along the line that connects points 1 and 2. The angular positions of wheel 1 in the directions parallel and perpendicular to the sheet are denoted as θ 1 and φ 1 , respectively. Likewise, θ 2 and φ 2 describe the angular position of wheel 2 parallel and perpendicular to the sheet.
B. Notation

C. Velocity Analysis
The velocities of the paper at points 1 and 2 in global coordinates are
whereδ is the rate of change of the sheet buckle (or stretch), which is assumed to only take place along the direction of the line that connects point 1 and 2 (along the i f unit vector). Note that a negative δ implies that the sheet has buckled while a positive δ implies that the sheet has stretched. Invoking the nonslip condition, v 1 and v 2 can also be written in terms of the angular speed of the wheels in the local coordinate frames
where r 1 and r 2 are the radius of wheels 1 and 2, respectively. Four constraint equations are obtained by writing (5) and (6) in terms of the global coordinates and equating them to (3) and (4)
These equations result in four nonholonomic constraintṡ
x +φ y = r 2 sin φ 2θ2 (11)
Defining the generalized coordinate p = [x y φ δ θ 1 θ 2 φ 1 φ 2 ]
T , the constraints can be written in Pfaffian form [17] as 
D. Kinematic Equations
The kinematic model represents the relation between the moving parts of the system, when they comply with the nonholonomic constraints describe earlier. As detailed in [17] , this is given by a basis of the right null space of the constraints a i (p), which will be denoted by g j (p) ∈ R n , j = 1, . . . , n − k = m. By construction, this basis satisfies
and all allowable trajectories of the system can thus be written as the possible solutions of the systeṁ
i.e., p(t) is a feasible trajectory of the system if and only if p(t) satisfies (14) for a choice of control u(t) ∈ R m . For our system, this basis is easily obtained and the solution can be written as follows:
which constitute the kinematic model of our system. Note that (15)-(18) can be succinctly written as follows:
where the output
T is the generalized coordinate vector of the paper sheet, with elements given, respectively, by the lateral and longitudinal coordinates x and y for the sheet's leading edge right corner C (see Fig. 10 ), the sheet angular rotation φ, and the buckle δ, and
T is the input vector formed by the nips' rotor angular speeds and steering angles.
E. Sheet Motion Sensing and Kinematic Model Experimental Validation
An array of optical sensors, located along the longitudinal direction in the midpoint between the two rollers, as shown in Fig. 11 , was used to detect the leading edge of the sheet. Three laser sensors, two of which are located on the right side of the sheet at locations (x, −d s ) and (x, 0), respectively, and one is located on the left size of the sheet at location (−x, 0), as shown in Fig. 11 , were used to measure the lateral deviation of the sheet edge relative to the sensor location (e.g., s 1 and s 2 are zero if the right-hand sheet edge is on top of both sensors). The amount of buckle −δ was determined from the readings s 2 and s 3 of the two laser sensors located on opposite sides of the sheet, while the angular position of the sheet φ was determined from readings s 1 and s 2 of the two laser sensors on the right side of the sheet. They are, respectively, given by
where d s is the longitudinal distance between the two laser sensors 1 and 2, as shown in Fig. 11 . The position of point C(x, y) on the right side of the leading edge of the sheet was determined every time the leading edge of the sheet went over one of the optical sensors. The longitudinal position of each sensor that is being crossed is denoted byȳ, then the coordinates y and x of the point C(x, y) are, respectively, given by y =ȳ + (x −ȳ tan φ + s 2 ) sin φ cos φ
where 2x is the lateral distance between laser sensors 2 and 3 (see Fig. 11 ). The kinematic state model equations given by (19) were validated using the following procedure: first, a sheet of paper was fed into and controlled by the steerable nips mechanism until it exited, while all sensor data were collected and stored. Second, the initial generalized coordinate vector of the paper sheet y(0) was set to the values either directly measured or computed from (20) and (21) at the instant when the leading edge of the sheet went over the first optical longitudinal sensor. Subsequently, (19) were numerically integrated using as inputs the measured roller angular speed and steering angle of each nip. Finally, the numerically integrated sheet longitudinal, lateral, and angular positions [y(t), x(t), φ(t)] were plotted along with actual values computed from (20) and (21) at the instances when the leading edge of the sheet went over one of the optical longitudinal sensors. Typical results are shown in Figs. 12-14.
Note that there is a close match between the measured and predicted data in spite of the fact that the edges of paper sheets are not perfectly straight, and the data were contaminated by sensor and quantization noise. The angular velocities and steering angles used for the experimental validation of the kinematic equations were chosen in order not to induce appreciable buckle. Whatever buckle values were obtained from measurements and (20) were within the range of error attributed to the fact that the sheets are not all exactly of the same length and their edges are not parallel to each other. 
V. DYNAMIC MODEL
A. Dynamic Analysis Assumptions
The key modeling assumption used in the dynamic analysis that follows is that the mass of the sheet is small, and therefore, it can be neglected. As a consequence, the overall model of the steerable mechanism consists of the dynamics of the actuators and the kinematic relation between the roller and the sheet. We also assume that a minute stretching of the sheet will not introduce dynamic coupling between the process and steering motors. These assumptions were also verified with numerous experimental results.
B. Dynamic System With Reduced-Order Servo Dynamics
In this section, we derived a model based on the actuator dynamics presented in Sections III-A and III-B. These models have the following simplified form: where α i and β i (i = 1, 2, 3, 4) represent physical characteristics of each actuator defined in (1) and (2). Inputs u 1 , u 2 , u 3 , and u 4 are motor voltages to each of the servomotors. Making use of the kinematic equations derived in Section IV-D, (19) and its time derivative can be expressed as follows:
where y is the output vector, and the vector M (x) ∈ R 3 is given by
where the symbolsẋ,ẏ,φ, andδ should be, respectively, replaced by the right-hand side of (15)- (18), and the elements of the matrix N (x) ∈ R 3×3 are 
n 41 = −r 1 sin φ 1 n 42 = r 2 sin φ 2 n 43 = −r 1 cos φ 1θ1 n 44 = r 2 cos φ 2θ2 .
It should be emphasized that a necessary and sufficient condition for the matrix N (x) to remain nonsingular is that the longitudinal speedẏ should remain positive.
The overall dynamic system model is given bÿ
VI. NONLINEAR CONTROL STRATEGY
The control objective in this paper is to control a sheet on the horizontal plane from an initial state with nonzero longitudinal velocity to a final state also with nonzero longitudinal velocity. The control strategy presented in this section assumes a realistic second-order model for all actuators, as derived and validated in Section V-B. The control strategy developed for this system is also dynamic and uses concepts of linearization by state feedback [23] and a backstepping technique similar to dynamic surface control [24] . The desired sheet trajectories lateral and longitudinal coordinates x and y for the sheet's leading edge right corner C, the sheet angular rotation φ, and the buckle δ are given by
for t = [0, T ], where α and T are, respectively, the desired longitudinal velocity of the sheet and time at which the sheet must leave the steerable nips mechanism. The amount of buckle is c 1 . The block diagram of the proposed control strategy is shown in Fig. 15 . The control law is given by Equation (27) , which is schematically depicted in Fig. 15 by the block C F B L , linearizes through feedback the kinematics and generates the desired angular accelerations and desired steering velocities for each of the rollers. These desired values are then integrated to obtain reference trajectories, which are tracked by local inner linear controllers given by (28) A formal convergence analysis of this control strategy is provided in [9] , [10] , and [19] . Moreover, they also provide a systematic methodology to tune the control system so that, given a specified maximum nominal longitudinal speed α and a minimum travel time T = α/L, where L is the length of the sheet, control gains can be determined so that the magnitude of tracking errors is guaranteed to be attenuated, from specified maximum initial values, to final values that are within specified allowable values.
In the control strategy in (27) and (28), feedback linearization is used only to linearize the kinematics of the system, while internal loops are used to locally control the actuator's positions and velocities. Through extensive simulation and experimental results, such as those presented in Section VII, we have found that this control strategy performs robustly to parameter and dynamic uncertainty in the actuators. This robustness can be attributed to the fact the feedback linearization portion of the controller does not depend on the actuator dynamics. In contrast, we have found [8] that control strategies that are based on direct output feedback linearization plus dynamic extension [23] of the overall plant given (25) do not perform well, under identical conditions, due to parameter and dynamic uncertainty in the actuators. A comprehensive robustness analysis is also presented in [8] , which shows that the control strategy based on kinematic feedback linearization with actuator internal loops is significantly more robust to parameter and dynamic uncertainty in the actuators than the control strategy that is based on the direct output feedback linearization plus dynamic extension of the overall dynamics.
VII. SIMULATION AND EXPERIMENTAL RESULTS
Simulated and experimental results were obtained for a sheet with initial conditions, as shown in Table III. The values for TABLE III  INITIAL EXPERIMENTAL AND SIMULATED SHEET ERRORS   TABLE IV the aforementioned control parameters are shown in Table IV . Each of the control gains is the combination of all system gains such as gains of the amplifier, conversion factor from radians to encoder pulses, etc. The sheet was steered from this initial condition to a desired longitudinal, lateral, and angular position. In addition, the sheet was kept with a small amount of buckle to avoid stretching the sheet. Fig. 16(a) shows the sheet longitudinal and lateral errors, and Fig. 16(b) shows the angular position and amount of paper buckle. The errors were reduced in the time allowed, less than 0.382 s. This time is dependent on the sheet velocity, the amount of skew error, the gap between lateral sensors, and the sizes of a sheet. For example, for an A4 sheet (194.6 × 279.4 mm), traveling at the velocity of 0.5 m/s with a maximum angular error of 0.025 rad and a sensor gap of 21.3 mm results in an allowable time of 0.382 s for correction for all errors. The final errors are within the requirements: less than ±1.3 mm in the lateral direction, ±1.6 mm in the process direction, and ±3.5 mrad of angular error. Experimental and simulated results of sheet errors in Fig. 16(a) and (b) show some discrepancies. These discrepancies can be attributed to sensor noise and slip between the ball and the sheet. The rollers' angular velocities and steering angular positions are shown in Fig. 17(a) and (b) .
As it was expected, the initial and final angular velocities are equivalent to the sheet's nominal longitudinal velocity once the errors have been corrected. The steering angular position of each roller is close to zero once the sheet's errors have been corrected. Current sensing equipment limit the control precision at high speeds. Laser sensors noise level increases at high speeds decreasing the precision of sensors.
VIII. CONCLUSION
This paper presented an innovative mechanism to improve paper handling performance in a printer paper handling system, when it is placed before the image registration station. This mechanism uses steerable nips to control the motion of a sheet of paper on a horizontal plane, from the time instant when the leading edge of the sheet enters in contact with the nips until the time instant when the trailing edge of the sheet losses contact with the nips and enters the registration station, in order to reduce longitudinal, lateral, and angular position tracking errors to acceptable levels.
A prototype of this device was constructed and tested. Kinematic and dynamic models of the steerable nips mechanism were derived under the assumptions that the mass of the sheet can be neglected and that the paper sheet remains sufficiently stiff under minute levels of buckling to sustain rigid body rotation, and were validated with experimental data. A control strategy was presented in this paper comprised of a nonlinear outer feedback linearization loop and inner dynamic surface control loops around each of the actuators. The outer loop linearizes the paper sheet kinematics under the steerable nips mechanism action and generates desired rotating speeds and steering angles for each of the two steerable nips. These reference trajectories are tracked by the four inner dynamic surface control feedback loops. Simulation and experimental results are in close agreement and show that by using the proposed control strategy, the steerable nips mechanism can correct for large initial sheet tracking errors, which exceed industry specifications, and attain sheet tracking errors that are below industry requirements when the sheet enters the registration station, without damaging or marking the sheet. Small discrepancies between the experimental and simulation results were attributed to sensor noise, irregularities in the edge of the paper, and slight model parameter mismatches, particularly among the damping ratios of the actuators dynamics.
